Electrophoretic deposition was used to deposit CdSe nanocrystals on TiO 2 for use in photovoltaic cells. The deposition current underwent a simple exponential decay, consistent with the current being comprised of charge transfer from charged nanocrystals to the electrodes. Rutherford backscattering spectroscopy showed the composition of the deposited films depended on the polarity of the electrode on which the film formed. A solar cell constructed using electrophoretic deposition exhibited a photovoltaic response from the region in which nanocrystals were deposited, with an efficiency of ϳ10 −6 %. The low efficiency was primarily due to the planar geometry employed for the TiO 2 subsrate. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2965464͔ Semiconductor nanocrystals are an attractive option for use in solar cells for several reasons. They have easily tunable bandgaps; 1 they are intrinsically stronger absorbers than dye molecules; 2 and they offer the possibility of utilizing photon energy in excess of the bandgap that is currently wasted as heat.
Semiconductor nanocrystals are an attractive option for use in solar cells for several reasons. They have easily tunable bandgaps; 1 they are intrinsically stronger absorbers than dye molecules; 2 and they offer the possibility of utilizing photon energy in excess of the bandgap that is currently wasted as heat. 3 Recent reports of multiple exciton generation by a single photon make the last property especially exciting at the present time. 4, 5 There has already been a significant effort to incorporate semiconductor nanocrystals into photovoltaic systems; approaches have included hybrid organic/inorganic devices [6] [7] [8] and all solid-state cells. 9 Another promising method is to use nanocrystals to sensitize a high bandgap semiconductor, such as TiO 2 , in a direct analogy to dye-sensitized solar cells. 10, 11 There are two common methods utilized for attaching nanocrystals to the TiO 2 substrate. The first involves functionalizing the TiO 2 surface with a bifunctional linking molecule and then immersing the functionalized TiO 2 in a solution of nanocrystals. The second entails growing the nanocrystals in situ, by repeated, alternating, immersion of the TiO 2 substrate into solutions containing first the cation and then the anion of the desired nanocrystal. Both these procedures are time consuming, taking several hours ͑some-times days͒ depending on the exact process used. [11] [12] [13] [14] [15] In this paper, we show that electrophoretic deposition ͑EPD͒ can be used to quickly and easily form thin films of CdSe nanocrystals on a TiO 2 substrate, and that the resulting film can be successfully incorporated into a solar cell. EPD consists of two processes: the motion of charged particles under the influence of an electric field and deposition of these particles at an electrode of opposite polarity. Recently, thin films of a variety of different nanocrystal systems have been formed by EPD, including zirconia, 16 TiO 2 , 17,18 carbon nanotubes, 19 europium oxide, 20 ZnO, 21 and CdSe. [22] [23] [24] [25] For CdSe nanocrystals, Islam et al. have shown that at room temperature a small fraction ͑ϳ0.1%, depending on the exact preparation of the nanocrystal solution͒ of CdSe nanocrystals in solution are thermally charged. 26, 23 It is these nanocrystals which are deposited during EPD. The advantage of EPD over the methods of nanocrystal attachment outlined above are that it is fast, requiring only a few minutes for film formation, and simple, requiring only a 500 V power supply. As it relates to solar cell devices, EPD also allows a simplification of the device structure, since no extra layer of linking molecules is required. Cadmium selenide nanocrystals were synthesized according to well known procedures. 27 Briefly, a mixture of CdO, trioctylphosphineoxide ͑TOPO͒, hexadecylamine and dodecylphosphonic acid was heated to 320°C in a threeneck flask, under vigorous stirring and argon atmosphere. Selenium was added to the mixture in the form of Se:TBP ͑tributylphosphine͒, causing the nucleation and growth of CdSe nanocrystals. The nanocrystals were isolated from the synthesis mixture by precipitation and centrifugation and stored in hexanes. The position of the first absorption peak was 557 nm, corresponding to a nanocrystal diameter of 3.2 nm.
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EPD was carried out using two electrodes, approximately 1 ϫ 2.5 cm, and spaced about 1.5 mm apart. A voltage of 500 V was established between the electrodes, and they were then immersed in a solution of nanocrystals in hexanes. The current between the electrodes was monitored with a Keithley 2400 source-measure unit. Nanocrystals were deposited onto either TiO 2 /indium tin oxide͑ITO͒/glass slides ͑for solar cells͒ or silicon ͓for Rutherford backscattering spectroscopy ͑RBS͒ studies͔.
We found that deposition of nanocrystal films by EPD was highly sensitive to the preparation conditions of the nanocrystals. Although each batch was synthesized using the same procedure, unavoidable variations in synthetic conditions and the isolation process caused some batches of nanocrystals to form films while others did not. However, the behavior of the deposition current as a function of time ͑Fig. 1͒ was the same for all batches, regardless of whether films were formed. In all cases, the current obeyed a simple exponential decay law of the form 
͑1͒
where i is the current, i 0 the initial current, t the deposition time, and the time constant.
The behavior of the nanocrystals during EPD can be understood in terms of the results of Jia et al. 25 They concluded that the EPD current consists mainly of charge transfer from charged nanocrystals to the electrodes and deposition stops once either the positively or negatively charged population of nanocrystals is depleted. They found that contrary to earlier assumptions, 26 the numbers of positively and negatively charged nanocrystals in solution were not equal; rather, there were more positively charged nanocrystals. They concluded that the deposition was therefore limited by the number of negatively charged nanocrystals, and that deposition ceases once the negatively charged population is depleted.
If the current observed during EPD is due to charge transfer from charged nanocrystals to the electrodes, then the rate of nanocrystal deposition should be proportional to the number of charged nanocrystals remaining in solution. This immediately leads to a current-time relationship of the form of Eq. ͑1͒. In those cases where films do not form, it would appear that charged nanocrystals are still transported to the electrodes where they transfer their charge, but they do not adhere to the electrode surface. In fact, Jia et al. observed that the formation of a film was affected by the amount of TOPO remaining in the nanocrystal solution, arguing that this changes the solvation energy of the nanocrystals. 25 Too much TOPO favors them staying in solution, instead of depositing on the electrode. We have found that it is very difficult to fully separate the unreacted precursors from the nanocrystals. The most likely explanation for the inconsistent film formation is therefore that the amount of TOPO remaining after synthesis varies from batch to batch.
RBS was used to examine the stoichiometry of films deposited by EPD. Depositions with durations of 1, 2, and 3 min, on silicon electrodes, were performed, with films forming on both the positive and negative electrodes. The RBS spectra in Fig. 2 show that the film formation is complete within the first minute. The amount of Se deposited was the same in all cases, regardless of the polarity of the electrode or the duration of deposition. However, while the amount of Cd deposited was constant for a given electrode polarity, more Cd was deposited on the negative electrode than the positive. The Cd to Se ratio for the positive electrode was 1.5:1 while that for the negative electrode was 2:1. This strongly suggests the presence of unreacted cadmium precursor material, most likely in the form of cadmium phosphonate ͓CH 3 ͑CH 2 ͒ 11 PHO 3 Cd͔, in the solution. It is not clear whether cadmium phosphonate is being deposited independently of the CdSe nanocrystals, or being dragged along with the nanocrystals. However, the fact that no film formation is observed when nanocrystals do not deposit hints that cadmium phosphonate is somehow transported by the nanocrystals that do deposit.
We used EPD to fabricate a simple solar cell device. The cell was constructed by first spin coating a layer of TiO 2 onto an ITO/glass substrate, 29 followed by deposition of a thin film of CdSe nanocrystals using EPD. A hole transport layer consisting of N,N'-bis͑3-methylphenyl͒-N,N'-diphenylbenzidine ͑a hole transport polymer͒ was then deposited by spin coating, and finally an aluminum contact was evaporated onto the top of the cell. For testing, the cell was illuminated with broadband, white light from a tungsten filament lamp. Under dark conditions the cell showed rectifying behavior, but when subjected to broadband illumination, the cell exhibited a photovoltaic response ͑Fig. 3͒. As a control, I-V curves were collected from the same cell in a region where nanocrystals had not been deposited. In that case the 
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Smith, Emmett, and Rosenthal Appl. Phys. Lett. 93, 043504 ͑2008͒ cell response was Ohmic, under both dark and illuminated conditions ͑data not shown͒. Thus, it is clear that the nanocrystals play a crucial role in the functioning of the cell. The active area of the cells was taken to be the area of the aluminum contact ͑0.071 cm 2 ͒, and the intensity of light falling on the active area was ϳ30 mW. The figures of merit for the cell are: open circuit voltage= 0.36 V, short circuit current= 13 nA, fill factor= 0.26, and maximum power = 1.2 nW. The efficiency of the cell is low ͑ϳ10 −6 % ͒, though this is to be expected because a thin ͑Ͻ50 nm͒, planar film of nanocrystals served as the light harvesting area. In comparison, the active area of other cells incorporating CdSe nanocrystals use porous titanium dioxide layers several microns thick. 11, 15 However, in this instance, we were interested in showing that EPD can be used to successfully fabricate solar cells in a simple and fast manner. It is anticipated that using a porous TiO 2 substrate will lead to significant improvements in the device efficiency. The efficiency should also be improved with appropriate band alignment of the constituent materials.
We have shown that thin films of CdSe nanocrystals formed by EPD can be used to fabricate solar cell devices. The process of EPD is fast, simple, and suitable for scaling up to large area processing. We observed that the stoichiometry of the nanocrystal films depended on the polarity of the electrode they were attached to, suggesting that precursor materials remain in solution even after isolating the nanocrystals.
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